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DNA polymerases are versatile tools used in numerous important molecular biological 
core technologies like the ubiquitous polymerase chain reaction (PGR), cDNA cloning, 
genome sequencing, and nucleic acid based diagnostics. Taking into account the multiple 
DNA amplification techniques in use, different DNA polymerases must be optimized for 
each type of application. One of the current tendencies is to reengineer or to discover 
new DNA polymerases with increased performance and broadened substrate spectra. 
At present, there is a great demand for such enzymes in applications, e.g., forensics 
or paleogenomics. Current major limitations hinge on the inability of conventional PGR 
enzymes, such as Taq, to amplify degraded or low amounts of template DNA. Besides, 
a wide range of PGR inhibitors can also impede reactions of nucleic acid amplification. 
Here we looked at the PGR performances of the proof-reading D-type DNA polymerase 
from R abyssi, Pab-polD. Fragments, 3 kilobases in length, were specifically PCR-amplified 
in its optimized reaction buffer. Pab-polD showed not only a greater resistance to high 
denaturation temperatures than Taq during cycling, but also a superior tolerance to the 
presence of potential inhibitors. Proficient proof-reading Pab-polD enzyme could also 
extend a primer containing up to two mismatches at the 3' primer termini. Overall, we 
found valuable biochemical properties in Pab-polD compared to the conventional Taq, 
which makes the enzyme ideally suited for cutting-edge PGR-applications. 



Keywords: DNA polymerase, Archaea, family D, PCR, Pyrococcus 



INTRODUCTION 

On the basis of their amino acid sequence and structural anal- 
ysis, DNA polymerases have been classified into seven families, 
A, B, C, D, E, X, and Y (Delarue et al, 1990; Braithwaite 
and Ito, 1993; Joyce and Steitz, 1994; Cann et al, 1998; Ishino 
et al, 1998; Ohmori et al, 2001; Lipps et al, 2003). Despite the 
conserved template-directed synthesis (or editing) of a comple- 
mentary deoxyribonucleotide chain (Kornberg and Baker, 1992; 
Hubscher et al., 2010) and the similarity of the three-dimensional 
organization of their polymerase domain ("palm," "thumb," and 
"finger") (Joyce and Steitz, 1994; Rothwell and Waksman, 2005), 
DNA polymerases differ extensively in many of their specific 
features (e.g., processivity, fidelity, rate of DNA synthesis, and 
nucleotide selectivity) (Jiubscher et al., 2010; Langhorst et al., 
2012). 

Beginning with the discovery and characterization of DNA 
polymerase I (Family A) from Thermus aquaticus {Taq) (Chien 
et al., 1976), a variety of thermostable DNA polymerases have 
been isolated and identified from prokaryotic organisms. Besides 
their crucial biological functions, thermostable DNA polymerases 
have proven to be technically and economically important 
enzymes. They are versatile tools used in DNA technologies such 
as cycle sequencing and polymerase chain reaction (PCR) (Pavlov 
et al, 2004). Since its invention by Saiki et al. (1985), PCR 
has become a widespread molecular biology method. Originally 



PCR was developed to specifically amplify a stretch of DNA 
prior to cloning; however, its flexibility underpins a number of 
applications such as site-directed mutagenesis, genetic diagnos- 
tics, gene therapy, forensics, and paleogenomics. 

In the PCR, DNA amplification is performed by ther- 
mostable enzymes; invariably either family A DNA poly- 
merases from thermophilic and hyperthermophilic Bacteria 
(e.g., Thermus aquaticus, Taq-poLA and Thermotoga maritima, 
Tma-polA) or family B DNA polymerases from hyperther- 
mophilic Archaea (e.g., Pyrococcus furiosus, Pfu-polB and 
Pyrococcus abyssi, Pab-polB; Isis™). Family Y DNA poly- 
merase from the hyperthermophilic archaeon Sulfolobus solfa- 
taricus, Sso-polY, is also an enzyme marketed for PCR, but 
with specialist applications (McDonald et al., 2006). Each 
thermostable DNA polymerases has different characteristics 
(e.g., thermostability, processivity, fidelity, specificity, modified 
nucleotides selection, resistance to contaminants and inhibitors, 
slippage, pyrophosphorolysis) and to achieve optimal results, 
the choice of a PCR enzyme depends on the application 
itself (e.g., high-yield PCR, high-fidelity PCR, routine PCR, 
muhiplex PCR, colony PCR, difficult PCR, long Range PCR, 
fast PCR, incorporation of modified nucleotides). Detailed 
information about individual properties of PCR enzymes and 
their related applications have been recently reviewed (Terpe, 
2013). 
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Archaeal family B DNA polymerases are generally more 
thermostable enzymes than bacterial polymerases (Kong et al., 
1993; Takagi et al., 1997; Cambon-Bonavita et al., 2000; Gueguen 
et al, 2001; Hogrefe et al, 2001; Moussard et al, 2006; Marsic 
et al, 2008). In addition, when accuracy is a desired property it 
leads to a preference for archaeal enzymes which possess a 3'-5' 
proof-reading exonuclease activity, absent in most thermostable 
bacterial polymerases (Eckert and Kunkel, 1991; Cline et al, 
1996; Perler et al., 1996). On the other hand, archaeal family B 
DNA polymerases can incorporate dUTP during DNA replication 
but cannot copy these strands in subsequent DNA amplifica- 
tion rounds (Fogg et al., 2002). With constant development of 
new techniques based on PGR, improved DNA polymerase vari- 
ants are continuously being engineered including: polymerases 
which are thermo-activated (hot start polymerases) (Sharkey 
et al., 1994), bacterial and archaeal DNA polymerase derivatives 
with increased processivity (Wang et al., 2004), archaeal family 
B DNA polymerase variants insensitive to uracil inhibition (Fogg 
et al, 2002), or thermostable enzymes proficient in the synthe- 
sis of fluorescent GyDNAs (Ghadessy et al., 2004; Wynne et al., 
2013). Error-prone PGR which creates random mutagenesis of 
the parental gene relies on different strategies using either low- 
fidelity DNA polymerase variants (Biles and Gonnolly, 2004) or 
error-prone PGR conditions (McGuIIum et al, 2010; Le et al, 
2013). Most of these conventional marketed PGR enzymes have 
the drawback of replicating exclusively native DNAs. Among 
thermostable DNA polymerases that can counteract this major 
limitation, archaeal translesional family Y DNA polymerases are 
of particular interest. They are able to bypass a variety of DNA 
lesions and therefore are well-suited for the PGR amplification of 
ancient and damaged DNAs (McDonald et al, 2006). 

Over 14 years ago a new family of archaeal DNA polymerases 
(the D-family) was discovered (Uemori et al, 1997). Despite obvi- 
ous interest in the biochemical characteristics of archaeal family 
D DNA polymerases (Gann et al, 1998; Gueguen et al, 2001) 
there is limited information regarding the structure (Yamasaki 
et al., 2010; Matsui et al, 2011) and kinetics of these enzymes 
(Palud et al, 2008; Richardson et al., 2013a). However, it is known 
that these thermostable DNA polymerases are heterodimeric and 
comprise a small subunit (DPI), possessing 3' — > 5' exonucle- 
ase activity, and a large subunit (DP2), exhibiting DNA poly- 
merase activity (Gann and Ishino, 1999). The small subunit shares 
low level of homology with the non-catalytic B-subunits of the 
eukaryotic family B DNA polymerases (Gann et al., 1998; Ishino 
et al, 1998; Gueguen et al., 2001). In contrast, the sequence of the 
large subunit shows no significant homology to any other DNA 
polymerase (Macneill et al, 2001). Gurrently, the growing body of 
evidence suggests involvement of the family D DNA polymerases 
in genome replication in Archaea (Henneke et al., 2005; RouUlon 
et al, 2007; Gastrec et al, 2009; Gubonova et al., 2013). 

Family D DNA polymerases from hyperthermophilic Archaea 
which have been biochemically characterized, to date, are from 
the Pyrococcus genus such as Pyrococcus horikoshii (Shen et al., 
2001), Pyrococcus furiosus (Uemori et al, 1997), and Pyrococcus 
abyssi (Gueguen et al., 2001). These microorganisms contain 
only one family B enzyme in addition to the family D DNA 
polymerase. In contrast with commercialized family B enzymes 



(Pfu-polB and Pab-polB), none of the family D DNA polymerases 
have been reported as active enzymes in PGR or in other DNA 
technologies. 

Family D DNA polymerase from Pyrococcus abyssi shows com- 
parable nucleotide selectivity to family B, and increased fidelity 
with the active proofreading (Palud et al, 2008; Richardson 
et al, 2013a). Family D DNA polymerase preferentially binds 
to primer/template with an affinity higher than family B, while 
showing reduced DNA synthesis of smaller DNA fragments 
(Henneke et al, 2005). The assembly of the two subunits into a 
heterodimer is required to substantially increase both polymerase 
and exonuclease activities in family D, while both activities are 
contained within the same polypeptide in the family B DNA 
polymerase (Gastrec et al., 2010; Gouge et al., 2012). These 
functional properties suggest that family D DNA polymerase 
might perform PGR performance distinct than Pab-polB. In this 
paper, the ability of the recombinant family D DNA polymerase 
from Pyrococcus abyssi (Pab-polD) to PGR-amplify DNA has 
been developed in terms of biochemical and PGR performance 
parameters (e.g., stability to heat denaturation steps, extension 
efficiency, resistance to common PGR inhibitors). These results 
are compared with data acquired from commercial thermostable 
DNA polymerases (Pab-polB and Taq-poLA) and reveal that fam- 
ily D DNA polymerase has significant commercial value in PGR 
technology. 

MATERIALS AND METHODS 
CHEMICALS AND ENZYMES 

Unlabeled dNTPs were purchased from MP Biomedicals. Pab- 
polD was cloned, expressed, and purified as described (Henneke 
et al., 2005). One unit of Pab-polD corresponds to the incor- 
poration of 1 nmol of total dTMP into acid precipitable mate- 
rial per minute at 65° G in a standard assay containing 0.5 mg 
(nucleotides) of poly(dA)/oligo(dT)io:i. Pab-polB {his DNA 
polymerase) and Taq-poLA (Taq DNA polymerase) were pur- 
chased from MP biomedicals. All other chemicals and bioreagents 
were analytical grade and purchased from Sigma-Aldrich (St. 
Louis, MO). Bioactive small molecules (Human hemoglobin, 
humic acid, hematin, heparin, and urea) were molecular biology 
grade from Sigma-Aldrich (St. Louis, MO). The 1.7 million base- 
pair genome of Pyrococcus abyssi GE5 was obtained as described 
(Gharbonnier et al, 1995). 

POLYMERASE CHAIN REACTION (PCR ENZYMES) 

PGR primers for the amplification of targets in genomic DNA 
from_R abyssi (Pab) genomic sequence from 1323272 to 1333272 
base pairs (bp) were purchased from Eurogentec (Belgium). The 
primer sequences, the Pab genomic sequence, and the size of the 
expected amplicons (in kilobases, kb) are summarized in Table 1. 
These selective amplifications were dictated by the availability 
of total genomic DNA from P. abyssi devoid of any potential 
PGR inhibitors and the use of thermally stable oligonucleotide 
primers. PGR performance parameters of Pab-polD were deter- 
mined in the optimized buffer: 20 mM Tris-HGl pH 9, 25 mM 
KGl, 10 mM (NH4)2S04, 2 mM MgGl2, 0.1 mg/ml Bovine Serum 
Albumin (BSA), 0.1% (v/v) Tween 20. PGR reactions (25|xl) 
contained 200 nM of each primer, 200|i,M dNTPs, and 100 ng 
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Table 1 | Primers applied in this study. 



Primer name 


Target length (kb) 


Primer sequence (5'-3') 


Psb genomic sequence (bp) 


uU /o oT UNA target 


Start F 






GCAAAGGAG" 


ITTGCCCAGCTTATAGAGACGGCC 


1333240-1333272 




O Lar L 1 1 Vl_ 


p 




GCAAAGGAG" 


ITTGCCCAGCTTATAGAGACGGCA 


1333240-1333272 




OLal L Z.lvl_ 


p 




GCAAAGGAG" 


ITTGCCCAGCTTATAGAGACGGAA 


1333240-1333272 




Start_3M_ 


_F 




GCAAAGGAG" 


ITTGCCCAGCTTATAGAGACGCAA 


1333240-1333272 




Start_4M_ 


_F 




GCAAAGGAG' 


ITTGCCCAGCTTATAGAGACCCAA 


1333240-1333272 




0.5_R 




0.5 


TCAACCTCCTGGGTTTCACCTTCGGCCCTC 


1332773-1332802 


472 


1_R 




1.1 


CCTCAGCCTCAACGCTTATTGGTTCCCCGT 


1332173-1332202 


471 


2_R 




1.95 


GAAGATTAAGGAGAGGGGGAGGGCAAAGGCTGGTGG 


1331322-1331357 


46.8 


3_R 




2.95 


CGAGGAAGCTAGAGGAGAGGGGTGCTGAGTGC 


1330322-1330353 


475 


4_R 




4.15 


GGAGGGGCAACTACTATGGATACCACCCTTCC 


1329122-1329153 


46.7 


10_R 




10 


TCCAAGAGTT 


CCTCCCTGGGGAACGGCCTGAACC 


1323273-1323306 


47 



F and R denote forward and reverse primers, respectively. M stands for mismatch. 



of genomic DNA unless otherwise specified. The PGR condi- 
tions for commercial Taq-poLA and Pab-polB were set according 
to the manufacturers' instructions. All reactions were run in 
(at least) duplicate. Negative control included aU reaction com- 
ponents without genomic DNA. The amplification was carried 
out in GeneAmp® PGR System 9700 Thermal Gycler (Applied 
Biosystems) and in Veriti® 96-Well Thermal Gycler (Applied 
Biosystems). Gycling conditions were 2min at 94°G; 30 cycles 
with 1 min denaturation at 94° G, 1 min annealing at 58° G and 
extension at 72° G at the indicated times. A final extension step at 
72° G was applied before the termination of the reaction as speci- 
fied in the corresponding figure legends. Elongation temperature 
was set at 72° G according to the manufacturer protocols for Taq- 
PoLA and Pab-polB, therefore validating the temperature of assay 
performance by Pab-polD. The products were analyzed with 1% 
agarose gel electrophoresis, stained with ethidium bromide, and 
visualized with the Molecular Imager FX (BioRad). When men- 
tioned, activity (%) is expressed as a percentage of the maximal 
value obtained in each experiment. 

PGR experiments in the presence of inhibitors were conducted 
with the optimized Pab-polD buffer as described above. The 
PGR conditions for Pab-polB and Taq-poLA were set according 
to the manufacturers' instructions. A 0.5 kb fragment was ampli- 
fied from Pah genomic DNA using the 500 bp reverse and forward 
primers (listed in Table 1). Titration of each inhibitor was per- 
formed at least in triplicate. Gycling conditions were 2 min at 
94°G; 30 cycles with 1 min denaturation at 94°G, 1 min anneal- 
ing at 58°G, and 2 min extension at 72°G; final extension, 5 min 
at 72°G. The products were analyzed with 1% agarose gel elec- 
trophoresis, stained with ethidium bromide, and visualized with 
the Molecular Imager FX (BioRad). 

RESULTS 

OPTIMIZED PGR REACTION CONDITIONS 

The optimized buffer for PGR with Pab-polD was obtained by 
varying different components of the standard Pab-polB reac- 
tion buffer. Pab-polD PGR activity was optimal in 10-30 mM 
Tris-HGl buffer concentration (Figure lA) and between pH 8.3 
and 9 (measured at 25°G) (Figure IB). Incubation of Pab-polD 



with either magnesium chloride (MgGl2) or magnesium sul- 
fate (MgS04) in the same concentration range resulted in the 
amplification of non-specific and undesirable PGR products with 
MgS04 (Figure IC). Reactions carried out with MgGl2 gave rise 
to the amplification of specific products in the optimal concen- 
tration range tested (Figure ID). The effects of different salt con- 
centrations of potassium chloride (KGl) (Figure IE) and ammo- 
nium sulfate ((NH4)2S04) (Figure IF) were analyzed in PGR 
by Pab-polD. The maximal activity detected with the two salts 
was 0-20 mM for KGl and 15-25 mM for (NH4)2S04, respec- 
tively. Although the presence of (NH4)2S04 further enhanced 
PGR amplification at optimal concentration, KGl could be dis- 
pensable. Finally, the two additives, Tween and BSA, used in the 
standard Pab-polB reaction buffer were added or omitted in Pab- 
polD PGR reactions. In the conditions tested, 0.1 mg/ml BSA and 
0.1% Tween did not significantly improved the amount of PGR 
products by Pab-polD (Figure IG). Overall, the optimal reaction 
buffer for in vitro amplification of DNA fragments by Pab-polD 
has been determined and is now available in Table 2. 

EFFECT OF INPUT GENOMIC DNA ON PCR EFFICIENCY AND 
SPECIFICITY 

PGR amplification, targeting the 0.5 kb fragment in the 1.7 mil- 
lion base-pair genome of P. abyssi (Table 1), was employed to 
determine the minimal amount of DNA required. In its opti- 
mal reaction conditions, Pab-polD was able to specifically amplify 
the 0.5 kb target from 0.5 to 100 ng of input genomic DNA 
(Figure 2A). Although the yield of PGR products was severely 
reduced at 0.5-1 ng, all three enzymes retained polymerase activ- 
ity (~2-5% of activity) (Figures 2A-C). In the presence of 0.1 ng, 
only Pab-polB was capable of amplification of the 0.5 kb DNA 
target (Figure 2B). 

IMPACT OF THERMAL DENATURATION DURING CYCLING 

The resistance of Pab-polD to the temperature of the denatu- 
ration step during cycling was investigated in comparison with 
Taq-polA and Pab-polB. PGR amplifications of the 0.5 kb DNA 
target were performed with 4 different thermal denaturation steps 
during cycling (91, 95, 97, and 99°G). As shown in Figure 3A, 
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A 




Tris 


B 




pH 




M 


- 0 10 20 30 40 50 60 (mM) 


- 6. 


i 1 7.2 7.4 7.6 7.9 8.1 8.3 8.4 8.6 8.7 8.8 9 9.1 










^^^H 






MgS04 






MgCh 


C 


M 


- 0 1 1.5 2 2.5 3 ( 


D 

mM) 


M 


- 0 1 1.5 2 2.5 3 (mM) 




- 












KCl 






(NH4)2S04 


E 


M 


- 0 10 20 30 40 50 (mM) F 


M - 


0 5 15 25 35 45 55 65 75 85 (mM) 










G 




- 0 0.1 0(mg/ml) 


BSA 








M 


- 0 0 0.1 (%) Tween 20 


















FIGURE 1 1 Effect of buffer concentration, pH, salts, ions, BSA, and 


1 min at 58°G, 2 min at 72°C) x 30; (5 min at 72°G) x 1. Effect of 


Tween 20 on PGR amplification of the 0.5 l<b target by Pab-polD. PGR 


varying the Tris concentration (A), pH (B), MgS04 (C), MgC^ (D), KGI 


reactions were carried out using 100 ng of genomic DNA witli 0.1 U 


of 


(E), (NH4)2S04 (F). The absence or presence of BSA and Tween 20 are 


Pab-polD. The optimized reaction buffer was used as is 


shown in 




shown in (G). Molecular weight markers (M) are SmartLadder SF from 


Table 2, except for the variable condition, which was altered as shown 


Eurogentec. (-) denotes negative control without Pab-polD. The arrow 


in the figure. PGR program was 


(2min at 94°C) x 1; (1 min at 94°C, 




indicates the specific 0.5 kb band. 



Table 2 | Properties of experimental thermophilic DNA polymerases. 





Pab-polD 


Pab-polB 


Taq-polA 


Name 


Pab-polD 


Isis 


Taq 


Microorganism 


Pyrococcus abyssi 


Pyrococcus abyssi 


Thermus aquaticus 


Pol family 


D 


B 


A 


Half-life 


90°C/50min (Gueguen etal., 2001) 


100°C/5h 


975°C/9min (Lawyer et a!., 1993; 




80°C/2h (Gueguen etal., 2001) 


90°C/10h 

(Gueguen et al., 2001 ; Dietrich et al., 
2002) 


Perler et al., 1996) 


Error rate x 10~^ 


N.R 


0.66 (Dietrich etal., 2002) 


24 (Dietrich etal., 2002) 


(/bp/duplication) 








Reaction buffer 


20 mM Tris-HCI, pH (25°C) 9.0, 25 mM 


20 mM Tris-HCI, pH (25°C) 9.0, 25 mM 


10 mM Tris-HCI pH (25°C) 9.0, 50 mM 




KCl, 10 mM (NH4)2S04, 2mM MgCl2, 


KCl, lOmM (NH4)2S04, 1.5mM MgS04, 


KCl, 1.5 mM, MgCl2, 0.2mg/mL BSA 




0.1 % Tween 20, 0.1 mg/ml BSA 


0.1 % Tween 20, 0.1 mg/ml BSA 




Exonuclease 


3'-5' (Gueguen et al., 2001) 


3'-5' (Gueguen et al., 2001) 


5'-3' (Lawyer etal., 1993) 


activities 








Extension rate: 


0.33 (5.5) 


0.48 (8) 


0.39 (6.5) 


kb/min (nt/s) 









N.R, Not Published. 

Error rate for Pab-polB and Taq-polA were determined in the same experiments under the same conditions (Dietrich et al., 2002). 



Pab-polD could yield specific PGR products (15% activity com- 
pared to 91°C) when the denaturation temperature was as high as 
97° C. PGR products were hardly detectable at 99° G. Interestingly, 
the PGR efficiency of Pab-polB was not profoundly affected by the 
increase in the thermal denaturation step during cycling, while 
Taq-poLA was mostly inactive above 95°G (Figures 3B,C). Taken 
together, these results are in agreement with those published pre- 
viously (Dietrich et al., 2002) and indicate that hyperthermophilic 
Pab DNA polymerases are more robust than the thermophilic 
Taq-poLA. 



RATE OF DNA EXTENSION 

In order to determine the rate of primer extension by Pab-polD, 
the 1.95 kb DNA target was amplified using variants of the end- 
point PGR method employed throughout this study. Numerous 
reactions were carried out, with each PGR possessing an incre- 
mentally larger extension time than the last, until end-point 
PGR products were detectable on an agarose gel. Our ini- 
tial attempt, in which the longest extension time was set 
to 240 s, failed with Pab-polD and Taq-polA (Figures 4A,C). 
However, the 1.95 kb DNA target was successfully amplified 
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Pab-polD Isis Taq 



FIGURE 2 I Effect of input genomic DNA on PCR efficiency and was (2min at 94°C) x 1; (1 min at 94°C, 1 min at 58°C, 2min at 

specificity. PCR amplification of tine 0.5 kb target (Table 1) was carried 72°C) x 30; (5 min at 72°C) x 1. Molecular weight markers (M) are 

out with 0.1 U of Pab-polD (A), 1 U of Pab-polB (B), and 1 U of SmartLadder SF from Eurogentec. The arrow indicates the specific 

Taq-polA (C) in their respective reaction buffer (Table 2). PCR program 0.5 kb band. 




Pab-polD Isis Taq 



FIGURE 3 I Impact of thermal denaturation during cycling. PCR reaction buffer (Table 2). PCR program was (2 min at 94°C) x 1 ; (1 min at the 

amplification of the 0.5 kb target (Table 1) was carried out with 0.1 U of indicated temperature, 1 min at 58°C, 2 min at 72°C) x 30; (5 min at 72°C) x 1. 

Pab-polD (A), 1 U of Pab-polB (B), and 1 U of Taq-polA (C) in their respective Molecular weight markers (M) are SmartLadder SF from Eurogentec. 



by Pab-polB (Figure 4B). Pab-polD exhibited a lower exten- 
sion rate than Taq-polA since a single specific product at the 
expected size appeared at 360 and 300 s, respectively for each 
enzyme. According to these results, the rate of extension by Pab- 
polD was estimated at 0.33 kb/min, resembling that of Taq-polA 
(0.39kb/min), but dissimilar to that of Pab-polB (0.48 kb/min) 
(Table 2). 

PCR AMPLIFICATION OF DNA FRAGMENTS OF VARIOUS LENGTHS 

To determine the ability of Pab-polD to amplify various sized 
target sequences (ranging 0.5 to 10 kb) from genomic DNA, 
six specific primers have been designed (Table 1). The exten- 
sion time assigned to the amplification of each DNA fragment 
during cycling is in agreement with the extension rate of Pab- 
polD described above. In the range of 0.5-1.1 kb, Pab-polD and 
Taq-polA efficiently and specifically amplified DNA fragments 
(Figures 5 A,C). Amplification of DNA molecules ranging from 
1.95 to 2.95 kb was severely reduced for Pab-polD and to lower 
extent for Taq-polA (~8% activity for the 2.95 kb target com- 
pared with the 0.5 kb target for both DNA polymerases), with 
bands at these sizes being faint and slightly detectable in ethidium 
bromide stained agarose gels after 30 PCR cycles. Amplification 
of target sequences ranging from 4.15 to 10 kb by Pab-polD 
and Taq-polA failed in the conditions tested (Figures 5A,C), 
with Pab-polD producing weak and unspecific bands. With 
the exception of the 4.15 and lOkb DNA targets, Pab-polB 
amplified single products with the expected size (Figure 5B). 
Except for the lOkb DNA target, a single product was ampli- 
fied with Pab-polB. However, the yield of specific PCR products 
is decreased for the 2.95 kb DNA target. The above data clearly 
show that Pab-polD is suitable for the specific amplification 



of DNA molecules in the range of 0.5-2.95 kb, whUe showing 
reduced yields above 1.1 kb. Although not shown, replacement 
of Pab-polD optimal buffer conditions by Taq-polA or Pab-polB 
reaction buffer did not improve the yield of amplified 1.95- 
2.95 kb DNA targets, nor enhanced the synthesis of longer PCR 
products. 

PCR AMPLIFICATION IN THE PRESENCE OF PRIMER MISMATCHES 

Complete 3' -terminal primer annealing to its complementary 
target sequence is a very important factor for the success and 
stringency of PCR (Petruska et al., 1988; Ishii and Fukui, 2001; 
Sipos et al., 2007). To evaluate the impact of primer mismatches 
on PCR efficiency and specificity by Pab-polD, forward primer 
sets containing up to four mismatches at the 3'-end have been 
designed for full amplification of the 0.5 kb DNA target from 
genomic DNA (Table 1). As shown in Figure 6A, specific amplifi- 
cation of the 0.5 kb DNA target could be achieved in the presence 
of either one or two 3' -end terminal mismatches, with lower 
PCR efficiency observed with two mismatches (~5% remain- 
ing activity). The presence of three or four mismatches had a 
detrimental effect on the extension efficiency by Pab-polD. Taq- 
polA DNA polymerase generated specific PCR products with 
only one mismatched primer termini and longer mismatches 
prevented successful PCR amplification (Figure 6C). Although 
strand extension, and hence PCR amplification efficiency, were 
influenced by multiple mismatches at the 3' end of the primer, 
the detection of specific PCR products was never compro- 
mised for Pab-polB (Figure 6B). Here, the data pointed out 
that Pab-polD is a suitable enzyme for Taq-polA substitution 
when 3'-terminal mismatched primers are refractory to PCR 
amplification. 
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FIGURE 4 I Rate of DNA extension. PGR amplification of the 1.95 l<b target 
(Table 1) was carried out witli 0.1 U of Pab-polD (A), 1 Uof Pab-polB (B),and 1 U 
of Taq-polA (C) in tlieir respective reaction buffer (Table 2). PGR program was 



(2 min at 94°G) x 1 ; (1 min at 94°C, 1 min at 58°C, varying times in seconds as 
indicated at 72°G) x 30. Molecular weight markers (M) are SmartLadder LF 
from Eurogentec. The arrow indicates the specific 1.95 kb band. 




FIGURE 5 I PGR amplification of DNA fragments of various lengths. PGR 

reactions were carried out using 1 00 ng of genomic DNA with 0.1 Uof 
Pab-polD (A), 1 U of Pab-polB (B), and 1 U of Taq-polA (C) in their respective 
reaction buffer (Table 2). Primer sets were chosen to amplify 0.5, 1.1 , 1.95, 



2.95, 4.15, and lOkb (Table 1). PGR programs were (2 min at94°G) x 1; 
(1 min at 94°G/1 min at 58°G/2, 4, 6, 8, 11, and 16 min with respect to the 
target length at 72°G) x 30. Molecular weight markers (M) are SmartLadder 
LF from Eurogentec. 




FIGURE 6 I PGR amplification in the presence of primer mismatches. 

PGR amplification of the 0.5 kb target (Table 1) was carried out with 0.1 
U of Pab-polD (A), 1 U of Pab-polB (B), and 1 U of Taq-polA (C) in their 
respective reaction buffer (Table 2). Primer sets were chosen to 



introduce 0, 1, 2, 3, and 4 mismatches at the 3'-termini of the forward 
primer (Table 1). PGR program was (2 min at 94°G) x 1; (1 min at 94°C, 
1 min at 58°G, 2 min at 72°C) x 30; (5 min at 72°C) x 1. The arrow 
indicates the specific 0.5 kb band. 



PGR AMPLIFICATION IN THE PRESENCE OF KNOWN PCR INHIBITORS 

To investigate the impact of known PCR inhibitors (Al-Soud and 
Radstrom, 1998, 2001; Schrader et al., 2012), the 0.5kb target 
was amplified from genomic DNA in reactions containing various 
levels of PCR-inhibiting compounds. The results are presented 
in Table 3. It was found that the variation of the ionic strength 
affected the PCR performances of the three different DNA poly- 
merases. Indeed, Pab-polD was more resistant to NaCI ions than 
were Pab-polB and Taq-polA. In the conditions tested, a specific 
PCR product was detectable at the permissive concentration of 
50 mM with Pab-polD, while absent with Pab-polB and Taq-polA 
(Supplementary Figure 1). When SDS (Sodium Dodecyl Sulfate), 
the anionic reagent well-known for its protein-denaturing effects, 
was employed at a concentration of 0.02%, PCR amplification was 



successful with Pab-polD and Pab-polB (Table 3); however, the 
yield of PCR products was dramatically impaired (Supplementary 
Figure 1). In comparison, Taq-polA was weakly active at a SDS 
concentration of 0.01%. CaCl2, a potent PCR inhibitor (Bickley 
et al., 1996; Al-Soud and Radstrom, 1998) found for instance in 
milk, cheese, or bones, was found to impede the amplification 
of the specific 0.5 kb target when incubated at a concentra- 
tion of 2mM for Pab-polD and Taq-poIA (Table 3). Family B 
DNA polymerase was highly sensitive to CaCh as observed the 
severe reduction in PCR activity at a final concentration of 1 mM 
(Supplementary Figure 1). 

It has been reported that heme compounds, for instance 
hemoglobin and hematin, yielded interferences in PCR amplifi- 
cations (Akane et al., 1994). For these reasons, we investigated 
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Pab-polD PGR performances in the presence of these two blood- 
substances. Interestingly, hemoglobin never altered PGR speci- 
ficity and efficiency by Pab-PolD and Pab-polB even at a final 
concentration of 13mg/ml (Supplementary Figure 1). However, 
PGR performances by Taq-poLA were entirely compromised at the 
minimal concentrations of 1.75-3.5 mg/ml. Hematin decreased 
the yield of PGR products by Pab-polD and Taq-poLA when 
present at a final concentration of 12.5 (xM, while Pab-polB 
still retained significant activity in the presence of >25 [iM of 
hematin. 

The blood anticoagulant substance heparin described to 
inhibit PGR (Yokota et al., 1999) has been investigated. In the 
PGR reactions, the addition of heparin suppressed the forma- 
tion of a specific PGR product in a dose-dependent fashion (from 
0.006 to 0.2 U/|i,l) for all three PGR enzymes. Moreover, EDTA 
(EthyleneDiamineTetraAcetic acid), used also as a common anti- 
coagulant to treat blood samples, and included in several elution 
buffers of nucleic acid purification, has been described to inter- 
fere with PGR (Yokota et al, 1999). In this study EDTA had an 
inhibitory effect at a concentration greater than 0.5 mM for all 
three PGR enzymes. This result is likely indicative of the chelation 
of Mg^+ ions present in reaction buffers of each DNA polymerase, 
therefore compromising DNA amplification. 

Since urea has been identified as the main component of urine 
that inhibits PGR (Khan et al, 1991), we challenged Pab-polD, 
Pab-polB, and Taq-poLA in its presence. As shown in Table 3, 
Pab-polB was the most resistant DNA polymerase, specifically 
amplifying the 0.5 kb target even at the highest concentration of 
100 mM. Pab-polD and Taq-poLA showed inhibitory concentra- 
tions >25 and 50 mM, respectively. Humic acid, representative of 
environmental samples (e.g., soil, water, and dead matter), has 
been recognized as an efficient PGR inhibitor even at low con- 
centrations (Tsai and Olson, 1992; Ijzerman et al., 1997). For this 
reason, all three enzymes have been submitted to PGR amplifi- 
cation with increasing amounts of humic acid (15-250 ng/[xl). 
No PGR product was visible with Pab-polD, even at the lowest 



Table 3 | Potential inhibitory effects of organic and inorganic 
substances on PCR. 



Inhibitory concentration 
of compounds 





Pab-polD 


Pab-polB 


Taq-polA 


NaCI (mM) 


>50 


>25 


>25 


SDS % (w/v) 


>0.02 


>0.02 


>0.01 


CaCl2(mM) 


>2 


>1 


>2 


Hemoglobin (mg/ml) 


>13 


>13 


>3.5 


Hematin ((iM) 


>12.5 


>25 


>12.5 


Heparin (U/ml) 








EDTA (mM) 


>0.5 


>0.5 


>0.5 


Urea (mM) 


>25 


>100 


>50 


Humic acid (ng/iil) 




>62 


>15 


Phenol % (v/v) 


>0.6 


>0.8 


>0.4 


Ethanol % (v/v) 


>4 


>5 


>4 


Isopropanol % (v/v) 


>2 


>8 


>2 



concentration. PGR amplification with Taq-poLA was positive up 
to a humic acid concentration of 15 ng/|xl. Pab-polB was the most 
resistant since it could PGR amplify the 0.5 kb target at 62.5 ng/|xl 
of humic acid (Table 3). 

Phenol, ethanol, and isopropanol are common organic 
substances used in the procedure for genomic extraction 
(Gharbonnier et al., 1995) and relevant of food and envi- 
ronmental samples (Wilson, 1997). Interestingly, PGR perfor- 
mances of family B DNA polymerase were never affected 
by the varying concentrations of the three organic com- 
pounds (Supplementary Figure 1). In contrast, Taq-poLA and 
Pab-polD exhibited similar inhibitory concentrations of iso- 
propanol and ethanol (>2 and >4%, respectively). Moreover, 
Pab-polD was more tolerant to PGR inhibition by phenol 
than Taq-poLA (Table 3). Overall, this comparative study clearly 
revealed that Pab-polB is the most tolerant enzyme to PGR 
inhibitors. Pab-polD seems to have a higher resistance to par- 
ticular PGR inhibitors than Taq-poLA (e.g., NaGl, SDS, Phenol, 
and hemoglobin), although sharing similar sensitivity (EDTA, 
ethanol, isopropanol, calcium, hematin, heparin). Finally, Taq- 
poLA exhibited superior resistance to humic acid and urea than 
Pab-polD. 

DISCUSSION 

The family D DNA polymerase from P. abyssi has been applied 
to PGR on genomic DNA and submitted to varying chemical 
parameters in order to evaluate its performance. For this pur- 
pose, a buffer has been optimized using the Pab-polB reaction 
buffer as a starting point due to this family B DNA polymerase 
originated from the same archaeon, P. abyssi. Here, we show for 
the first time that a family D DNA polymerase is functional in 
PGR amplification of a 0.5 kb DNA target. Under the conditions 
listed in Table 1, the three enzymes were analyzed to compare 
thermal resistance. Pab-polD was identified as more resistant than 
Taq-poLA, yet not as robust as Pab-polB to the increased thermal 
denaturation during cycling (Table 2). These data obtained for 
the commercial enzymes being comparable with that already pub- 
lished (Gueguen et al., 2001; Dietrich et al., 2002) (Supplementary 
Figure 2) clearly suggest that Pab-polD is a thermostable enzyme. 
These results are interesting since they indicate that denaturation 
temperature during cycling can be increased when required dur- 
ing PGR. This is particularly useful when genomic DNA contains 
secondary structures or high GG-rich regions. 

As expected, for all three enzymes PGR efficiency was vari- 
able in respect to the concentration of the 1.7 million base-pair 
genomic DNA, with 0.5 ng being the permissive amount for 
Pab-polB, while Pab-polD and Taq-poLA were more sensitive to 
template dilution. PGR analysis of trace amounts of DNA has 
become an important concern in forensic investigations (Van 
Oorschot et al., 2010). While some laboratories set up 0.2 ng as 
a threshold limit for reliability of the investigations (Budowle 
et al., 2009), others continue to revise this limit (Kaminiwa et al., 
2013). In our conditions, Pab-polD did not behave as an effective 
tool for the amplification of limited amounts of genomic DNA. 
Therefore, increasing the number of cycles or varying some com- 
pounds within the reaction buffer can be a useful alternative to 
overcome the limits (Van Oorschot et al., 2010). 
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In this study, the highest amount of genomic DNA has been 
applied to all PGR experiments and in these conditions the 0.5 kb 
target was significantly amplified by Pab-polD, Pab-polB, and 
Taq-polA. However, upon increasing the length of the target, the 
differences in PGR performance became more obvious (Pab-polB 
> Taq-polA > Pab-polD). A maximum of length of 2.95 kb was 
produced by Taq-polA and Pab-polD. Although barely detectable, 
Pab-polB could amplify the 4.15 kb target. The difficulty of Pab- 
polD to PGR amplify long DNA fragments was not due to a high 
GG content of the DNA regions since all exhibited a value below 
48% (Table 1). Pab-polD is known to be endowed with lower 
processivity than Pab-polB, requiring the PGNA (Proliferating 
Gell Nuclear Antigen) clamp for robust DNA synthesis (Henneke 
et al., 2005). Thus, further optimization of PGR amplification of 
large DNA fragments is certainly possible, for instance, by alter- 
ing the reaction buffer components, adding PGNA or mixing the 
two Pab PGR enzymes. 

FuU annealing between primer and template sequences is gen- 
erally considered crucial for the specific amplification of a nucleic 
acid sequence (Ghadessy et al., 2004). PGR-based amplification 
of specific sequences is essential in detecting single nucleotide 
polymorphisms (SNPs), in identifying microbial- archaeal pop- 
ulations and in diagnostics (Sipos et al., 2007; Liu et al., 2012). 
In these approaches, "universal" primer sets are used with the 
possibility to induce the formation of mismatched base pairs 
at template-primer 3'-termini. As a result, PGR amplification is 
reduced or fully inhibited (Huang et al., 1992), depending on 
the length of base mispairs. In our study, Pab-polD was chal- 
lenged in PGR with mismatched base pairs (1, 2, 3, and 4 base 
mispairs) at template-primer 3'-termini. Pab-polD could amplify 
the 0.5 kb DNA target despite the presence of 2 mismatches but 
with reduced efficiency. Taq-polA retains activity in the presence 
of 1 mismatch at the 3'-terminus as already published (Huang 
et al., 1992) but was inhibited by two mismatches. Pab-polB was 
functional even in the presence of 4 mismatches. The PabPCR 
enzymes show a higher tolerance to the presence of mismatches 
which must be attributed to their associated 3'-5' exonuclease 
function as already compared (Gueguen et al, 2001). Up to four 
and two mismatches can be accommodated into the exonuclease 
active site of Pab-polB and Pab-polD, respectively, which subse- 
quently induce the degradation of the 3' -termini. Families B and 
D from Pfu are also known to efficiently process 3'-end termini of 
primers (Richardson et al., 2013a,b). 

Time-dependent PGR extension has been carried out with 
Pab-polD and compared to Pab-polB and Taq-polA. A PGR prod- 
uct of constant length (1.95 kb) was amplified by increasing the 
extension time. Under these conditions, Pab-polD was the slow- 
est enzyme able to generate the 1.95 kb target in 6min whereas 
5 and 4 min where required respectively for Taq-polA and Pab- 
polB. The calculated extension rate of Pab-polD was 0.33 kb/min. 
This is almost comparable with the value of 0.39 kb/min for Taq- 
polA and slightly lower to that of 0.48 kb/min for Pab-polB. The 
values confirmed that Pab-polB, like other family B DNA poly- 
merases, e.g., Pfu and Tfu, are particularly slow enzymes (Perler 
et al, 1996; Terpe, 2013). Although the extension rate has been 
determined by conventional end-point PGR which is not the 
method of choice compared to real-time quantitative PGR (Arezi 



et al., 2003), Pab-polD also shows a reduced elongation rate in 
PGR. In Pab-polB, and potentially Pab-polD, this property could 
be explained by the slow kinetic partitioning of the primer in 
the exonuclease and polymerase active sites allowing the DNA 
polymerase to proofread the nucleotide incorporation events, 
and when required to remove the misincorporated base (Gouge 
et al, 2012). On the other hand, the presence of secondary struc- 
tures could also impede the efficiency of DNA synthesis by the 
Pyrococcus enzymes (Henneke, 2012). 

The negative effect of inorganic and organic substances on 
PGR efficiency and specificity by Pab-polD along with Pab- 
polB and Taq-polA has been investigated. The DNA polymerase 
the most resistant to ions NaGl and GaGl2 was Pab-polD. This 
higher resistance to elevated NaGl concentrations is similar to 
that found for some bacterial and archaeal PGR enzymes inves- 
tigated previously (Al-Soud and Radstrom, 1998). The highest 
tolerance to calcium ions compared to other thermostable DNA 
polymerases (Al-Soud and Radstrom, 1998) places Pab-polD as 
a suitable enzyme in the amplification of food (e.g., milk and 
cheese) and human samples (e.g., teeth and bones) for instance. 
Introduced during the procedure of genomic extraction or natu- 
rally present in food and in environmental samples (Charbonnier 
et al, 1995; Wilson, 1997), phenolic compounds (Ethanol, phe- 
nol, and isopropanol) reduced the PGR performance of Pab-polD. 
These negative effects are commonly observed with most PGR 
enzymes (Rossen et al., 1992), except for Pab-polB (shown in this 
study) and Tth {Thermus thermophilus) (Katcher and Schwartz, 
1994). Gompounds, such as the SDS anionic detergent and EDTA, 
known to have direct and indirect negative effects on proteins, 
respectively, did not dramatically impact on PGR performances 
by Pab-polD compared to Pab-polB. Surprisingly, the permissive 
concentration of the two compounds for Taq-polA were slightly 
different to those found in another study (Yang et al, 2007), 
indicating that the source of the enzyme, the DNA target to be 
amplified and the reaction conditions are important parameters 
impacting on the issue of the investigation. The inhibitory activity 
of urea in PGR was observed with Pab-polD at a lower concentra- 
tion threshold compared to Taq-polA or Pab-polB, and the values 
obtained with Taq-polA confirmed those previously published 
(Khan et al., 1991). Organic substances like heparin or humic 
acid were completely inhibitory to PGR reactions by Pab-polD. 
The strong inhibitory effect of heparin on all three PGR enzymes 
has been observed with other thermostable DNA polymerases 
(Yokota et al, 1999). This is not so surprising since heparin 
is commonly used as a trapping agent of DNA polymerases in 
both polymerase assays and chromatography. The effects of two 
heme blood substances, hemoglobin and hematin, did not impact 
similarly on PGR performances by Pab-polD. While completely 
resistant to hemoglobin, Pab-polD was sensitive to hematin but to 
the same level as Taq-polA. Generally, inhibitory effects by heme 
compounds appear as a drawback in PGR with thresholds depen- 
dent on the PGR enzymes used (Akane et al, 1994; Al-Soud and 
Radstrom, 2001). In this study, Taq-polA was the most sensitive 
to hemoglobin. 

In conclusion, our results demonstrated for the first time that 
an archaeal family D DNA polymerase is functional in PGR. 
PGR performances (rate of DNA synthesis, maximal length of 



Frontiers in IVIicrobiology | Evolutionary and Genomic IVIicrobiology 



May 2014 | Volume 5 | Article 195 | 8 



Killelea et al. 



PGR performance of archaeal PolD 



amplification, minimal input genomic DNA, resistance to ther- 
mal denaturation during cycling, and PGR amplifications with 
3'-end mismatched primers) of Pab-polD appears more com- 
parable to Taq-polA than Pab-polB, but with some valuable 
properties (e.g., high resistance to thermal denaturation during 
cycling, amplification with primers containing up to 2 mis- 
matches). In addition, due to its superior resistance to inhibitors 
than Taq-poLA (e.g., calcium ions, sodium chloride, hemoglobin, 
SDS), Pab-polD could replace the enzyme in some applications. 
Additional investigations (e.g., PGR fidelity, ability to specifically 
amplify high GG rich content and degraded genomic DNA) are 
now required to consider Pab-polD as a suitable PGR enzyme that 
could overcome the handicap encounter by conventional enzymes 
that are marketed for PGR. 
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